Vascular relaxation in rabbit aortic preparations induced by acetylcholine is endothelium-dependent. The nature of the endothelium-derived relaxing factor (EDRF) has not been ascertained because it is very labile (reported half-life 6-50 seconds). To obtain a stable source of EDRF, a system was developed in which the relaxing factor was continuously produced by freshly harvested porcine endothelial cells. Endothelial cells were collected from aortas by exposing the endothelial lining to collagenase 0.1%. Cells were washed and concentrated by repeated centrifugation to obtain a high cell count (7.2x10* cells/ml). Endothelium-deprived aortic strips from rabbits were incubated in these cells suspended in tissue culture medium and fetal calf serum. The strips were precontracted with histamine. Acetylcholine was added to induce EDRF release. Significant relaxation of endotheliumdeprived aortic strips was observed. Superoxide dismutase, an enzyme known to protect EDRF against inactivation, caused further relaxation, which was inhibited by the addition of hemoglobin, an agent known to inhibit the relaxing action of EDRF. Even without the addition of acetylcholine, hemoglobin caused contraction of the denuded aortic strips in suspension of porcine endothelial cells, demonstrating spontaneous EDRF release. Hemoglobin had no effect in cell-free medium. Endothelialcell-dependent relaxation occurred without attachment of endothelial cells to the endotheliumdeprived aortic strips: when the cell suspension was replaced by cell-free medium, relaxation did not occur after acetylcholine. Scanning electron microscopy showed no attachment of endothelial cells to the subendothelial layer. It can be concluded that freshly harvested endothelial cells produce endothelium-derived relaxing factor with and without stimulation by acetylcholine. (Circulation  Research 1987;61:548-554) 
F urchgott and Zawadzki first showed that relaxation of precontracted aortic rings or strips by acetylcholine (ACh) requires the presence of endothelial cells. They demonstrated that ACh acting on muscarinic receptors of endothelial cells stimulates the release of a substance that acts on vascular smooth muscle cells to produce relaxation.' 2 This finding was confirmed in intact coronary arteries of perfused rabbit heart preparations. 3 Recent studies have suggested that vasodilation by a number of compounds, including muscarinic cholinergic agonists, 2 or physical stimuli 4 is dependent on the activation of endothelial cells to release endothelium-derived relaxing factor (EDRF). Experiments have demonstrated that the half-life of this substance is 6-50 seconds. 36 The mechanism of action of EDRF on vascular smooth muscle has not been fully elucidated but involves stimulation of the formation of cyclic 3',5'-guanosine monophosphate (cGMP). 78 The effect of endogenous guanylate cyclase stimulation can be mimicked by the application of derivatives of cGMP such as 8-bromo-cGMP, which has a strong vasodi-lating action on constricted coronary arteries in isolated rabbit hearts. 9 Up to now, most studies that explored the nature of EDRF employed preparations of arteries in vitro, including studies with perfusion cascade systems in which endothelium-free preparations have been used to bioassay EDRF released from endothelial cells. 510 " 12 A few studies are available characterizing the release of EDRF by isolated endothethial cells derived from cell cultures' 013 or cocultures with smooth muscle cells. '* It has been shown by Cocks et al that EDRF is released from pure cultures of multipassaged endothelial cells reseeded on previously denuded aortic rings or grown on carrier beads.' 3 This study investigates the release of EDRF from freshly harvested endothelial cells without multipassage culturing. Endothelium-deprived aortic strips were used to bioassay the release of EDRF from the endothelial cells with and without stimulation by ACh. EDRF was characterized by its inhibition by hemoglobin (Hb)' 5 -' 6 and by the protective effect of superoxide dismutase (SOD)." 12 The results demonstrate that freshly harvested cells release EDRF on a continuing basis. This release occurs even in the absence of ACh.
Materials and Methods

A) Endothelial Cell Preparation
The use of viable porcine aortas with an intact endothelial cell layer lining has made it possible to obtain large populations of isolated endothelial cells without recourse to tissue cultures. Experiments were performed to study the release of EDRF from isolated porcine endothelial cells. In each experiment, 13 " 16 porcine aortas were obtained from a local abbatoir. The time span between the death of the animal and the removal of the thoracic aorta was approximately 20 minutes. The aortas were transported in ice-cold Krebs-Henseleit solution of the following composition (mM): Na + 143, K + 5.94, Ca 2+ 2.54, Mg 2+ 1.19, H 2 PO 4 " 1.19, Cl" 128, HCO 3 -25, SO, 2 " 1.2, and glucose 10. During transportation the aortas were oxygenated with 95% O 2 and 5% CO 2 . In the laboratory, excess connective tissue and fatty tissue were removed. Then, side branches and the distal end of the aortas wereligated, leaving the proximal end open. The aortas were carefully checked for leaks by filling the lumen with very dilute patent blue Violet dye (0.0025%) (Sigma Chemical Co., St. Louis, Mo.). The lumen of the aortas was then filled with 0.1% collagenase (collagenase type 1, Sigma) in HEPES-buffered saline solution of the following composition (mM): Na + 136, Cl-124.6, K + 2.6, H 2 PO 4 " 14, glucose 10, HEPES 20, and phenol red 3.5X 10 3 /u.M. Incubation time was 45 minutes at 37° C. After the incubation, the contents of the aortas were poured into centrifugation tubes (50 ml), and the aortas were rinsed again with HEPESbuffered saline solution. The suspension was then centrifuged for 10 minutes at 1,000 rpm at room temperature.
The supernatant was discarded and the pellet in each tube was resuspended in 4 ml of RPMI 1640 tissue culture medium (GIBCO Laboratories, Grand Island, N.Y.), leading to a total volume of approximately 50 ml. Total cell count and viable cell count were determined with trypan blue stain (Sigma). Trypan blue stain (0.2 ml of the 0.4% solution) was diluted with 0.8 ml of RPMI. One half milliliter of this dilute stain was mixed with 0.5 ml of the cell suspension and was allowed to equilibrate for 5-10 minutes. Cell count was performed on a hemocytometer, and the number of viable cells (cells that did not take up the stain) was determined. Cells were recentrifuged at 1,000 rpm for 10 minutes at room temperature and resuspended in 27 ml of RPMI with 15% fetal calf serum (fetal bovine serum-heat inactivated, Sigma). The cell suspension was transferred into a plastic tube holding 24 ml (liquid scintillation vials, Research Products International, Mt. Prospect, 111.). The remaining 3 ml were pipetted into two Eppendorf micro test tubes holding 1.5 ml each (Micro Test Tubes, VWR Scientific Inc., San Francisco). The main portion of the cell suspension was now attached to a slow moving rotator at 6 rpm (Multi Purpose Rotator, Scientific Industries Inc., Springfield, Mass.) and placed in an incubator at 37°C (Chicago Surgical and Electrical Co., Division of Lab-Line Instruments, Melrose Park, 111.) for 100 minutes. Endothelium-deprived rabbit aortic strips were incubated in the test tubes with cell suspension or cell-free medium and also rotated at 37° C. A control medium containing RPMI and 15% fetal calf serum without cells was also attached to a rotator and incubated at 37° C for 100 minutes.
B) Preparation of Endothelium-Deprived Rabbit Aortic Strips
Male, white New Zealand rabbits weighing 2.4-3.1 kg were anesthetized with pentobarbital (30 mg/kg) and heparinized with 500 IU/kg i.v. Tracheostomy was performed, and the animals were ventilated with a respirator (Bird Mark 10, Space Tech., Palm Springs, Calif.) to assure sufficient oxygen supply. Median sternotomy was performed, and the thoracic aorta was removed and immersed in ice-cold Krebs-Henseleit solution. After removal of adjacent superficial connective and adipose tissue, the aorta was cut in rings about 3 mm in width. These rings were cut into transverse strips. Endothelium was removed by gently rubbing the intimal surface with moistened filter paper wrapped around a wooden stick.
C) Preparation of Aortic Strips in Organ Chambers
After incubation on the rotator as described above, strips were mounted in an organ chamber of 8 ml capacity with both ends fastened with a cotton string. One end was tied to the bottom of the chamber, the other end was attached to an isometric pressure transducer (UL-20-Gr, Shikoh, Minoba Co., Tokyo). The chambers were filled with 8 ml of the cell suspension or 8 ml of the control medium (RPMI+15% fetal calf serum). The cell count in the organ chambers was 7.2 ±0.642x 10 * viable cells per milliliter. The chambers were carefully oxygenated with 95% O 2 and 5% CO 2 by slow bubbling to prevent foaming. Strips in cell suspension or control medium were allowed to equilibrate again for 60 minutes, and basal tension of the strips was adjusted to 1.5 g. Cyclooxygenase inhibitors were not added to the bath since prostacyclin or PGE 2 do not affect the tone of rabbit aortic strips. 10 
Drugs
Histamine dihydrochloride, acetylcholine chloride and • superoxide dismutase (from dog erythrocytes) were obtained from Sigma Chemical Co. Bovine hemoglobin was also purchased from Sigma and prepared according to the method of Martin et al' 6 in the following way: Oxyhemoglobin was prepared by adding a tenfold molar excess of the reducing agent sodium dithionite to a 1 mM solution of commercial hemoglobin in distilled water. Sodium dithionite was then removed by dialysis against 100 volumes of distilled water for 2 hours at 4° C.
Statistics
Data are reported as mean ± SEM. Data were compared for significance of difference using the Student's / test for paired or unpaired data as required. A probability of 0.05 or less was considered significant.
Results
A. Cells Stimulated With ACh
Rabbit aortic strips deprived of endothelium and suspended in endothelial cell suspension contracted when exposed to histamine in concentrations of 3-10 fiM ( Table 1, Figures 1 and 2 ). Mean maximum tension The changes in tension listed are the changes from the immediately preceding tension prior to the addition of substance(s) indicated (as in the experiment illustrated in Figure 1 ). Values are mean±SEM.
HA, histamine; ACh, acetylcholine; SOD, superoxide dismutase; Hb, hemoglobin. Contraction of strips is expressed as positive values, relaxation as negative values. development was considered as 100% ( Figure 2 ). After addition of ACh (1 /xM) to the precontracted, endothelium-deprived strips incubated in cell suspension, relaxation occurred as if the endothelium had been intact. 1 When cells were present, SOD (150 U/ml), an enzyme that catalyzes the dismutation of superoxide anion radicals, led to additional relaxation (Figures 1 and 2 , Table 1 ).
In contrast, strips mounted in the cell-free control medium showed no relaxation with ACh but a slight increase in tension ( Table 1 , Figures 1 and 2 ). In the absence of cells, the endothelium-deprived strips relaxed only slightly after addition of SOD (Table 1 , Figures 1 and 2) . The difference between strips incubated in cell suspension and strips incubated in cell-free medium was highly significant ( Table 1) . The presence of EDRF in cell suspension was responsible for this difference since Hb (1 /i.M) inhibited the relaxation induced by ACh. With a higher concentration of Hb (10 /xM) a progressive increase of contraction was noted ( Table 1, Figures 1 and 2) . In contrast, 
FIGURE 3. Effect of hemoglobin (Hb) on endothelium-deprived rabbit aortic strips in cell suspension and cell-free medium. Inhibition of the action of EDRF lead to contraction of the smooth muscle. This demonstrates the production of EDRF without stimulation by acetylcholine. Resting tension was set at 1.5 g.
Hb elicited no contraction in endothelium-deprived aortic strips incubated in cell-free control medium.
B. Response of Cell Suspension Without ACh
Rabbit aortic strips deprived of endothelium were mounted in the cell suspension at a resting tension of 1.5 g without addition of histamine or ACh. The addition of Hb (1 (JLM) resulted in an increase of tension of the strips (Figure 3 ). Cumulative addition of higher concentrations of Hb (10 fxM) further increased the tension (Table 2, Figure 3 ). These observations demonstrated that EDRF was produced even in the absence of ACh. In cell-free medium, no contractions were observed after Hb administration, denoting the absence of EDRF.
Table 2. Effect of Hemoglobin Alone on the Tension of Aortic Strips in the Presence and Absence of Freshly Harvested Endothelial Cells
Changes in tension (g) pSO.005
C. Is Relaxation Due to Reattachment of Endothelial Cells to the Endothelium-Deprived Surface?
The cell suspension in the organ chamber was replaced by cell-free medium. Figure 4 illustrates that the administration of ACh (1 (iM) after precontract ion with histamine (3-10 /u,M) resulted in contraction, suggesting that endothelial cells were not attached to the surface of the strip during the incubation period. This conclusion was supported by scanning electron microscopy, which failed to show attachment of endothelial cells to the surface of the subendothelial layer ( Figure 5 ).
Discussion
The identification of EDRF has been difficult because of its short half-life. 5 -6 Therefore, the development of a system in which EDRF is constantly generated, may be of importance in elucidating its nature. From the studies reported here, it appears that freshly harvested endothelial cells may represent such a source. Up to the present time, the only method available to obtain EDRF consistently from endothelial cells separated from blood vessels was in multipassage cultures. 1013 It must be recognized that the method reported here has certain disadvantages compared with methods using cultured endothelial cells on microcarrier beads. For example, repetitive stimulation is not possible because stimulating agents cannot be removed without changing the cell suspension. In addition, inhibition of release of EDRF cannot be distinguished . Scanning electron micrographs (magnification 700X) of strips with intact endothelium (A) and strips deprived of endothelium(B). A and B served as controls and were not exposed to cell suspension. In C, the endothelium-deprived strips were incubated in cell suspension. No endothelial cells were found attached to the subendothelial layer. from its inactivation in the medium. Finally, the instability of EDRF cannot be directly shown as opposed to cascade experiments. 310 However, the method of cultured endothel ial eel Is requires additional equipment, is time-consuming, and also may change the receptor characteristics. 1013
ACh Stimulated Release of EDRF From Isolated Endothelial Cells
The addition of ACh releases EDRF from freshly harvested porcine aortic endothelial cells (Figures 1  and 2 , Table 1 ). In contrast, Cocks et al found no effects of ACh on cultured bovine endothelial cells reseeded on previously denuded rings of canine coronary arteries or on endothelial cells grown on microcarrier beads. 13 They used two different techniques, employing porcine aortic endothelial cells scraped from freshly obtained aortas as well as endothelial cells grown in tissue cultures. Using the former, they could show the effect of ACh in 4 out of 8 experiments. No cell counts were given. Using cells cultured on carrier beads, the number of cells was comparable to ours (total cell count 5x 10 7 in both instances). Although the counts were comparable, Cocks and coworkers were unable to stimulate EDRF release by ACh, while a response was obtainedwith a calcium ionophore and bradykinin. Cocks et al, using relatively high concentrations (1%) of collagenase, speculated that the receptors for ACh could have been lost during the proteolytic removal of the cells by collagenase or that bovine endothelial cells do not possess receptors for ACh. 13 The Protective Effect of SOD
In our experiments, the effect of ACh-induced release of EDRF is markedly enhanced by addition of SOD to the organ chamber ( Figures 1 and 2 , Table 1 ). The enzyme converts oxygen free radicals to hydrogen peroxide.' 7 Superoxide radicals are generated extracellularly by photolysis 18 or intracellularly during various enzymatic oxidative reactions." The inhibiting effect of superoxide radicals on endothelium-dependent relaxation, probably due to inactivation of EDRF, has recently been shown by They attributed an increase in half-life of EDRF to the removal of superoxide radicals. The finding that SOD enhances the relaxing effect of ACh supports the conclusion that the cell suspension releases EDRF.
Inhibition of the Action of EDRF by Hb
When Hb is added to the endothelium-deprived aortic strip suspended in endothelial cells, relaxation induced by ACh and SOD is inhibited (Figures 1 and  2 , Table 1 ). This inhibition is further evidence of the formation of EDRF by suspended endothelial cells. Ferrous hemoproteins are potent inhibitors of endothelium dependent vasodilation as demonstrated by Martin et al. 21 They speculated that Hb inhibits endothelium-dependent relaxation by binding EDRF in the extracellular space before it is able to diffuse to the smooth muscle. 21 EDRF might be bound to Hb instead of to the endogenous hemoprotein linked to the enzyme guanylate cyclase. 21 Both hemoglobin and methemoglobin inhibit activation of soluble guanylate cyclase by nitric oxide as shown by Gruetter et al. 22 - 23 Ignarro et al observed that ACh-induced endothel ium-dependent stimulation of soluble guanylate cyclase is inhibited by hemoglobin. 8 They found that EDRF and nitric oxide activated guanylate cyclase by a heme dependent mechanism. M Figure 3 and Table 2 illustrate that even in the absence of ACh, EDRF is spontaneously produced by endothelial cells. This is demonstrated by contraction of endothel ium-deprived strips in the cell suspension when Hb is added. Spontaneous release of EDRF has been previously demonstrated. 51621 " In our preparation, the addition of Hb to unprecontracted endothelium-deprived rabbit aortic strips in cell suspension leads to a significant increase in tension ( Figure 3 , Table  2 ). Strips deprived of endothelium and incubated in cell-free medium do not contract with Hb (Figure 3 ). This effect of Hb on unprecontracted denuded strips in cell suspension may be explained by the following mechanism: cells in suspension could release a contracting agent the action of which is masked by EDRF until Hb inhibits the latter. However, if Hb were to unmask the effects of a contracting factor one would expect an overshoot of contraction on addition of Hb to precontracted strips in suspension. This is not the case (Figure 2 ). Possibly an overshoot is not present since there is no synergistic action of histamine with the contracting factor. A definite explanation of this phenomenon is not possible at the moment.
Release of EDRF From Isolated Endothelial Cells Without ACh-Stimulation
Direct contact between endothelial cells and smooth muscle cells is not necessary for EDRF action. In an earlier study by Cocks et al, ' 3 cultured endothelial cells were reseeded on previously denuded coronary artery strips. These cells when stimulated with bradykinin or A23187 relaxed smooth muscle by releasing EDRF. In the present study, strips were incubated in cell suspension and reseeding did not occur as demonstrated by scanning electron microscopy ( Figure 5 ). Furthermore, denuded strips incubated in cell suspension relaxed after stimulation of the cells with ACh but contracted with ACh when the cell suspension was replaced by cell-free medium (Figure 4 ), suggesting that endothelial cells had not remained attached to the preparation. The possibility has to be considered that replacement of the suspension with cell-free medium as carried out here might have washed out loosely adhering cells. However, Cocks et al 13 washed their preparations 2-3 times and found adhering cells by electron microscopy. It is unlikely, therefore, that the single washing used here removed adhering cells. The adventitia was not examined for adherence of endothelial cells. However, if cells had been attached to the adventitia, ACh stimulation in cell-free medium would have resulted in relaxation. This was not the case (Figure 4 ). Apparently, in this system, EDRF is a humoral factor that can act without direct contact between endothelial cells and the subendothelial layer.
In conclusion, we have shown that the relaxing factor released from freshly harvested endothelial cells has properties identical to EDRF produced by the endothelial lining of vascular strips. In addition, freshly harvested cells release EDRF with and without stimulation with ACh. Thus, freshly harvested, viable endothelial cells provide a source of continuous release of the endothelium-derived relaxing factor.
